Abstract-This paper presents a frequency output micromachined silicon magnetometer comprised of a low stiffness thermalpiezoresistive electromechanical resonator coupled to a Lorentz force generator. The Lorentz force generator utilizes a leverage mechanism amplifying the force by ∼ 55X. Upon application of a magnetic field perpendicular to the device, the leveraged Lorentz force deflects the resonator central beam changing its resonance frequency. Furthermore, different structures for the piezoresistive beam have been explored and the design has been modified to enhance the sensitivity by ∼ 950X (from 7.73 to ∼7200 ppm/mA.T). Frequency shifts as high as 0.123ppm/µT have been demonstrated, for the best-case design operating at a Lorentz force current of 17 mA, which is in good agreement with its simulated values. The drift in the resonance frequency has been experimentally measured for various operating bias currents to get an insight into the noise floor for such devices. The noise floor for the best-case design is measured to be 14 µT/ √ Hz, which is in the same order when compared with the prior state-of-the-art frequency modulated Lorentz force MEMS magnetometers.
few nTs, they are not MEMS compatible and cannot undergo miniaturization. MEMS Magnetometers [9] [10] [11] [12] have an edge over the abovementioned conventional counterparts due to their unique features such as small size, low cost, lower power consumption and simplicity of operation.
Most MEMS magnetometers offering such features operate based on the measurement of Lorentz force resulting from magnetic fields. Lorentz force is the force acting on a currentcarrying conductor in presence of a magnetic field. Different detection mechanisms can be used to turn this force into an electrical signal. One of the main challenges for such sensors is the relatively small amplitude of the Lorentz force, especially when targeting magnetic fields in the μT range and below. Therefore, highly sensitive force sensors and/or force amplification mechanisms are required to demonstrate high sensitivities.
Resonant Lorentz force magnetometers are one of the most common categories of MEMS magnetometers that can be implemented on silicon without the need for any special magnetic materials. Such devices either make use of structural mechanical force amplification or take advantage of high quality factors (Q) in microscale resonant structures to turn small Lorentz Forces into measurable vibration amplitudes [13] , [14] . The vibration amplitude of a resonator at its resonance frequency is Q times large than its displacement amplitude resulting from the same actuation force applied as a static force. Therefore, most of the MEMS-based Lorentz Force Magnetometers rely on actuation of a high-Q resonance mode of a MEMS resonator and measuring the resulting vibration amplitude. The vibration amplitude can be detected electronically as an output voltage via capacitive sensing [15] , [16] or piezoresistive readout [17] , [18] . The major drawback for capacitive resonators is the weak electromechanical coupling leading to the need for deep submicron transduction gaps and associated fabrication challenges. Thermal actuation, on the other hand, is a well-known mechanism that can be implemented at microscale without any fabrication challenges or the need for sophisticated material integration. In addition, thermal actuators have great properties such as large actuation force, low operating voltage, and simplicity of design and integration. On the downside, their power consumption and high body temperature limit their application in some cases. However, the large negative TCF (Thermal coefficient of Frequency) of single crystal silicon can be highly suppressed by doping the devices with high concentrations of an n-type dopant as demonstrated in [19] .
The inherent bandwidth-sensitivity trade-off in an open loop operation, as well as sensitivity changes due to temperature, have led researchers to explore other techniques for Lorentz Force MEMS magnetometers. By operating the sensor at a frequency slightly lower than the mechanical resonance frequency packaged at a low pressure, the bandwidth-sensitivity concern has been resolved to some extent [20] [21] [22] .
Alternatively, Lorentz force can be used to modulate the resonant frequency of a MEMS resonator [23] , [24] . Sensors with frequency modulated output are generally more desirable as frequency measurements offer significantly improved noise and interference robustness and the output can be directly fed to a digital counter without the need for extensive signal conditioning and analog to digital conversion. However, the benefit of amplification by resonator Q-factor is not available for a frequency output resonant sensor and other means of amplifying the force are to be considered. In [25] , the device design was perfected to make use of a fulcrum-lever based microleverage mechanism which increased the sensitivity of the sensor by 42X. Yet another method to enhance sensitivity in frequency modulated magnetometers is by utilizing quadrature frequency modulation (QFM), where an external force having the same frequency as, but in quadrature, the self-sustaining force creates a phase shift in the oscillation loop. The phase shift then results in a change in the oscillation frequency, since oscillation always occurs at the frequency that satisfies 0°phase shift around the loop [26] .
In this paper, a new design for frequency modulated MEMS magnetometers is presented that utilizes a leverage mechanism to amplify the Lorentz force and uses it to distort and therefore modulate the frequency of a dual plate thermally actuated MEMS resonator [23] . Furthermore, design optimization has been carried out to enhance the performance of the sensor further.
II. PRINCIPLE OF OPERATION

A. Leverage Mechanism
Force sensing using thermal-piezoresistive resonators has been previously demonstrated [27] . The existing problem in most Lorentz force magnetometers is that large forces are required to cause the slightest amount of distortion in the resonator structure and change its frequency significantly (due to the relatively large stiffness of the structure). Lorentz forces are generally very small and therefore amplification of the force is required to enhance the device sensitivity. For example, a magnetic field of 10μT acting on a 1500μm long beam, carrying a current of 10mA would create a Lorentz force of just 0.15nN leading to a displacement of less than 0.01 pm in the resonator (having a stiffness of ∼9000), which is undetectable. To alleviate this problem, the resonator stiffness should be lowered as much as possible, and a Lorentz force generator with a high gain leverage mechanism is to be utilized. Figure 1a illustrates the amplification mechanism for boosting the lateral Lorentz force (F l ) into an amplified axial force (F x ). Figure 1b illustrates the device structure and the finite element static force analysis of the frequency modulated resonator. The 60μm long, 2 μm wide beam in the middle of the resonator connecting the 300 μm × 300 μm resonator plates acts as the piezoresistor as well as the thermal actuator [28] . To reduce the overall stiffness of the device, two curved designs of the piezoresistor (Type B and Type C) as opposed to a straight beam (Type A) have been utilized as shown in Figure 1c and 1d. When the resonator resonates in its in-plane mode, the piezoresistor acts as a strain gauge that undergoes periodic tensile and compressive stress. Type A structure with the perfectly straight piezoresistive beam resonates in just one single axis (±X axis) at its inplane resonance mode, whereas Type B and Type C structures exhibit some movement in the +Y axis as well due to the nature of the shape of the beams. The Lorentz force generator is comprised of two long silicon beams (1500 μm each) located perpendicular to the piezoresistor. Upon introducing a magnetic field perpendicular to the direction of current flowing through the beams, the beams bend laterally in opposite directions due to the presence of a Lorentz force. This Lorentz force is turned to an amplified axial force due to the leverage mechanism as described before, acting perpendicular to the piezoresistive beam, thus modulating the device stiffness and consequently, its resonance frequency. In addition to this, the Lorentz force acting on the long silicon beams deflects them in opposite directions such that the amplified axial forces add up, further enhancing the sensitivity.
B. Device Description
Based on the finite element static force analysis for the specific design used in this work, a 1nN lateral force (in the positive and negative X direction) applied to the Lorentz force beam for the structure shown in Figure 1b has been translated to an amplified axial force (positive Y direction) of ∼30nN at Point A in the inset of Figure 1b . The axial force is thus ∼30X larger than the lateral force caused by the magnetic field applied to the device, increasing the sensitivity significantly. In contrast, a 1nN lateral force applied to the Lorentz force beam for the structures shown in 1c and 1d, the axial force has been amplified by ∼55X at Point B and Point C as shown in the inset of Figure 1c and 1d. This is mainly because of the much lower lateral stiffness of the piezoresistive beams of structures in Type B and Type C.
C. Lorentz Force Beam Design
Figure 1(e) shows the schematic view of the bending of the Lorentz force beam and the piezoresistive beam due to an applied Lorentz Force F l . To develop the relationship between the effect of the leveraged force on the piezoresistive beam based on the geometrical dimensions and the axial and lateral stiffness's of the structure, the deformation angle θ is assumed to be very small. Therefore, the deformed Lorentz force beam L g can be written as:
where X b is the lateral displacement of the piezoresistive beam due to the applied force F l . Due to the very small deformation angle θ , where X g is the displacement in the Lorentz force beam caused due to the Lorentz Force F l given by:
where K lg is the lateral stiffness of the Lorentz Force beam. Substituting the value of Xg in Equation (2) and rearranging the terms, L' can be written as:
The Lorentz force acting on two Lorentz force beams of length L g can be given by:
Where B is the magnetic field intensity and I g is the current flowing on the Lorentz force beams. Substituting the value of F l and L' in Equation (1):
Thus, the lateral displacement X b of the piezoresistive beam can be written as:
In addition to the displacement caused in the piezoresistive beam due to the Lorentz force F l in the Lorentz force beams, another additional Lorentz force is created due to the current flowing in the piezoresistive beam itself which is given by:
Therefore, the total displacement caused due to the presence of the magnetic field is given by:
The Lorentz force beam can be assumed to be a clampedclamped beam whose lateral stiffness can be written as:
Where E is the Young's modulus of the silicon, w and t are the width and thickness of the Lorentz force beam respectively. The displacement X bTotal causes a change in the geometrical dimensions as well as Young's modulus of the piezoresistive beam which consequently gets reflected in the overall stiffness of the piezoresistive beam given by:
where w b and L b are the width and length of the piezoresistive beam, and t is the thickness of the structure. Assuming a linear relation between the frequency shift and the displacement of the piezoresistive beam, the change in frequency can be given by:
where K is a constant coefficient that depends on the stiffness of the piezoresistive beam among other factors, which can be determined experimentally. For a fixed magnetic field given to the Lorentz force beams, the value of the constant parameter K has been simulated to be 1.1×10 10 Hz/m, 4.1×10 12 Hz/m, and 7.2×10 12 Hz/m for Type A, Type B, and Type C designs respectively. To estimate the input dynamic range of the magnetic field intensity for which the change in frequency is linear, Equation 9 was linearized mathematically. In a general case, if the term (4BI g /K lg ) 2 is less than 4.5×10 −8 , the relationship between the output frequency shift and the input magnetic field is found to be linear with a 10% tolerance. It is evident from Equation (9) and (12) that to maximize the sensitivity of the device, the length of the Lorentz force beam L g needs to be maximized, and the Lorentz force stiffness K lg and the piezoresistive beam stiffness K lb need to be lowered. 
D. Piezoresistive Beam Design
Figure 1(f) shows the schematic view of the different types of piezoresistive beams used in this work. A regular straight piezoresistive beam has been used to actuate the resonator in its in-plane mode. To reduce the overall stiffness of structure, a curved beam, as opposed to a straight beam, was also designed. A lower stiffness beam has the advantage that the same amount of Lorentz force will cause a much larger displacement of the piezoresistive beam, modulating the stiffness further, consequently enhancing the sensitivity. However, reducing the stiffness increases the physical resistance of the structure, increasing the power consumption for the same operating current. Due to the inherent design of the Type C structure where the forces in the X and Y directions are equally distributed, coupling motions in both directions were observed distorting the in-plane resonance mode shape. To reduce the effect of the motion in the Y direction while maintaining the lower stiffness, Type B beam was designed as shown in Figure 1(f) . Although coupling motions in X and Y directions will reduce the mechanical quality factor of the structure, it should be noted that the enhanced sensitivity is due to the influence of the much lower stiffness of the piezoresistive beam and the force amplification mechanism as explained earlier.
III. FABRICATION
The monocrystalline silicon resonant structures of Figure 1 were fabricated on a SOI substrate (15μm thick n-type 0.01 .cm device layer, 2μm thick buried oxide layer) using a three-mask micromachining process as shown in Figure 2 . First, a thin layer of ∼300 nm oxide was thermally grown on the silicon device layer. This oxide layer acts as an insulating layer between the Lorentz force generator silicon beams and the metallic traces to be used for passing the Lorentz force current. This assures complete isolation between the Lorentz force current passing through the metal traces and the current used for thermal actuation of the resonator central beam. Due to the very low resistance of the metal traces, much higher currents can also be passed through the Lorentz force beams without increasing the power consumption to increase the device sensitivity. Photoresist (PR) is then patterned on the surface using Mask 1 to form the metal traces via lift-off. A 300 nm thick gold layer is deposited via e-beam evaporation and lift-off is performed leaving behind Lorentz force generator gold traces as shown in Figure 2a . A thin layer of ∼300nm low-temperature LPCVD oxide was then deposited to protect the metal layer during the fore-coming device layer etch step (Figure 2b ). The silicon structure device layer patterns were then transferred onto the oxide mask (Mask 2). The handle layer was then patterned using Mask 3 from the backside and etched all the way to the buried oxide layer via Deep Reactive Ion Etching (DRIE) of silicon. The BOX layer was also dry etched from the backside as shown in Figure 2c to follow a fully dry process. The backside silicon etch not only allows access to the BOX layer using a dry process but also eliminates any stiction issues after device fabrication that such a long, low stiffness structure would be prone to. Finally, the device layer was etched via DRIE followed by dry etching of the oxide layer protecting the metal traces (Figure 2d) . Figure 3 shows the SEM views of all three fabricated magnetometers. The beam connecting the two resonator plates are fabricated with three different shapes with all other parameters in the structure remaining constant. Zoomed-in views of the 60μm long, 2 μm wide piezoresistive beams are shown on the right-hand side which acts as the resonator thermal actuator in their respective structures. The long silicon beams covered with oxide isolated from the 300nm thick gold (Lorentz force Table I summarizes the force amplification factors due to the leverage mechanism, device dimensions, beam stiffness's in the inplane and lateral directions, and the electrical parameters for all three designs tested in this work.
IV. MEASUREMENT RESULTS
A. Measurement Setup
To test the fabricated device of Figure 3 as a frequency modulated magnetometer, a permanent magnet was used as the source of magnetic field. The magnetic field was varied by moving the magnet closer to/away from the device. Two separate, independent and non-interfering bias currents were provided to the device. V bias along with an AC voltage V in from the RF output of network analyzer was provided to the piezoresistive beam to actuate it in its in-plane resonance mode and V g was applied across the gold trace for Lorentz force generation. Figure 3a shows the electrical connections used for testing the device. The ranges of currents for the thermal actuator and the Lorentz force current are summarized in Table I . The resonator frequency responses were obtained for different piezoresistor bias currents (I res ) and Lorentz force generator currents (I g ) for different magnetic fields generated by a strong permanent magnet kept at a specified distance from the device. The Lorentz force was thus varied not only by changing the distance of the magnet but also by changing the current in the Lorentz force beams. Figure 4 shows the measured frequency shifts under a fixed field of 0.3T for different resonator (I res ) and Lorentz force currents (I g ). The small shift in frequency observed at a Lorentz force current of 0mA is due to the Lorentz force generated by the resonator bias current itself. Due to the very large stiffness of the resonator beam, only shifts as small as ∼22Hz were obtained for a resonator bias current of 40mA and a Lorentz force current of 10mA for an applied field of 0.3T. This translates to a sensitivity of 7.73ppm/mA.T for a baseline frequency of ∼948kHz. Figure 5 shows the resonant responses obtained from the device with Type B beam by applying different magnetic fields for a fixed resonator bias current of 27mA and Lorentz force current of 8mA, leading to a maximum frequency shift of ∼7.6 kHz (∼14,298 ppm) for a 0.3T field. The frequency response was recorded for different magnetic fields by varying the distance of the magnet from the device. Figure 6 illustrates the frequency response of the same device for different Lorentz force currents while keeping the actuator bias current constant at 11mA. An increase in the Lorentz force current increases the Lorentz force and consequently the shift in the resonator frequency. It can be seen from Figure 5 and Figure 6 that different orientations of the magnetic poles result in opposite Measured resonance responses under different magnetic field intensities for a fixed Lorentz force current of 8mA and resonator bias current of 27mA. Resonance responses for different Lorentz force currents under constant field of 0.3T and resonator bias current of 11mA.
B. Results
shifts due to change in the direction of the Lorentz force acting on the device. The sensitivity of the device is measured to be ∼5957 ppm/mA.T with a baseline resonance frequency of ∼532 kHz. Figure 7 shows the measured frequency shifts under a fixed field of 0.3T for different resonator (I res ) and Lorentz force currents (I g ). Figure 8 , 9 and 10 show the similar resonance responses of the structure having Type C piezoresistive beam as shown for the previous device. For a 0.3T magnetic field, a maximum frequency shift of 12.85 kHz (∼36,800 ppm) has been obtained from the completely curved piezoresistive beam device (Type C) operating at a fixed resonator bias current of 27mA and Lorentz force current of 17mA. The sensitivity of the device is measured to be ∼7200 ppm/mA.T with a baseline resonance frequency of ∼349 kHz which is ∼95X larger than the Type A structure. This is mainly because of the amplified Lorentz forces on the less stiff beam of the Type C structure.
The intrinsic quality factors for the Type A, Type B, and Type C structures were measured to be ∼1452, ∼1328, and ∼1010 respectively. The decrease in the quality factor in the Type B and Type C designs is due to the presence of the coupling motions in the X and Y directions of the piezoresistive beams. Although the quality factors in Type B and Type C designs are ∼1.1X and ∼1.5X lesser than the Type A design, the sensitivity in Type B and Type C structures is ∼780X and ∼950X better than Type A. Therefore, the overall minimum detectable field in Type B and Type C structures is still ∼700X and ∼630X better than the Type A design. Based on the linearization of Equation 9, the input magnetic field intensity for which the output frequency will have a linear relationship with it for the Type C design (best sensitivity) is found to be between 0T and 0.5T.
It should be noted that the sensitivities for all three different sensors were measured in the resonance mode of the device. An important criterion for putting such devices into selfoscillation is by obtaining higher gains (g m ) upon increasing the I res current [29] . However, the device designs were not intended to achieve self-oscillation but only show as a proof of concept, the force amplification mechanism. Self-oscillation can be achieved by scaling down the dimensions of the piezoresistive beams to obtain larger vibration amplitudes (and thus higher g m 's) for the same amount of bias current as shown in work [29] . Using a much larger load resistance (instead of the 50-ohm load used in this work) can also facilitate selfoscillation for the designs shown in this work.
The sensitivity values show a good agreement with its simulated finite static force analysis values as shown in Table II . The slight change in sensitivities could be due to any errors that might have occurred during fabrication. Table II also compares this work to some of the other works on Lorentz force MEMS magnetometers with frequency modulated output. Resonance responses for different Lorentz force currents under constant field of 0.3T and resonator bias current of 11mA. 
C. Noise Analysis
To measure the drift in the resonance frequency due to thermal actuation, the short-term noise floor was measured for about 30 minutes by examining the output operating with a large IFBW of 400Hz in the absence of the external field. Figure 11a and b illustrate the measured standard deviation in the resonance frequency of the device for different resonator bias currents for Type A, B, and C. Type A device is most stable due to its perfectly symmetric structure. Type B and Type C designs are less stable due to their imperfect in-plane resonance mode and any asymmetry in the piezoresistive beam that might have occurred during fabrication. The Brownian limited resolution for such a design is given by [26] :
where K b is the Boltzmann constant (1.38E-23 m 2 kgs −2 K −1 ), T is the absolute temperature, I is the bias current, L is the length of the beam and b is the damping coefficient. The theoretical Brownian limited resolution for the Type-C beam is found to be ∼0.18PPM for a 1 Hz bandwidth which is ∼10X smaller than the measured noise floor. Therefore, it is believed that the electronic noise dominates the noise floor in the setup. One of the prominent factors contributing to the electronic noise is the physical resistance of the piezoresistive beam. Since the Type C beam has a larger resistance than the Type A and Type B design, the Type C structure exhibits the largest noise floor among the three structures (in terms of PPM/ √ Hz). However, when this value is converted to a μT/ √ Hz value, due to the very slight difference between the sensitivities of Type B and Type C design, the noise floor for the Type B design is slightly lesser than the Type C in design (in μT/ √ Hz). One possible reason for only a slight improvement in the Type C design when compared to the Type B design is the larger coupling motion in the Y direction for the Type C design which gives it a slightly more distorted resonance mode.
D. Temperature Compensation
Axial loading due to temperature variations is clearly an issue in the Type B and Type C designs. If we increase or decrease the operating temperature, an extra component of force will be created in the Lorentz force beams due to the presence of the gold and oxide layers. These layers will cause an extra component of stress in the Lorentz force beams which will contribute to the sensitivity/resolution of the sensor. Due to the opposing nature of the effect of TCF of gold and the oxide layer on silicon, the combined TCF of the gold-oxide layer can be optimized (by adjusting the thickness of the deposited gold and oxide layers) to cancel out the effect of the TCF of the silicon layer. However, the stiffness of the gold-oxide layer needs to be considered as well and the best optimal thickness combination needs to be utilized to negate the effect of TCE (Temperature Coefficient of Young's Modulus) of the gold and oxide layers. Therefore, the only effect of temperature present would be the TCE of silicon, which is inherently exhibited in all silicon resonators and can be compensated for by doping the sensor with high concentrations of an n-type dopant as shown in work [19] .
V. CONCLUSION
A novel approach utilizing a high gain leverage mechanism and a low stiffness dual plate thermal piezoresistive resonator was successfully demonstrated for a frequency modulated magnetometer. Three different designs for the piezoresistive beams were explored and sensitivity was enhanced by ∼950X simply by optimizing the design of the piezoresistive beam. The sensitivity of the device was further improved by ∼55X due to the leverage mechanism boosting the sensitivity to ∼7200ppm/mA/T for the best-case design. It is expected that by optimizing the design to lower the stiffness of the resonator further and by increasing the force amplification factor by introducing a second stage of the leverage mechanism, much higher sensitivities can be potentially achieved.
